The objective of this study was to investigate changes in polymerization stress and elastic modulus for light-cured bulk-fill resin composites following irradiation. Crack analysis was applied to obtain the stresses for 24 h after irradiation, which were calculated from the lengths of cracks in a glass mold bonded to the composites. The elastic modulus was repeatedly measured by nanoindentation tests performed over 24 h. The lengths of the cracks, the interfacial stress, and the elastic modulus were significantly affected by the material and time after irradiation (p<0.01). The stress and elastic modulus continued to increase for more than 6 and 1 h, respectively (p<0.05). Strong relationships (r>0.85) were revealed between the stress and elastic modulus. The bulk-fill resin composites generated smaller stresses than a flowable resin composite reported to generate relatively low stress. Post-irradiation polymerization during the first 1 h is a major determinant for the magnitude of stress.
INTRODUCTION
Light-cured dimethacrylate resin based composites are among the major restorative materials used to reconstruct teeth. Though applications of direct resin composite restoration have widely increased, a clinical concern still remains because the composite contracts during polymerization. As a result, stresses are generated in the composite itself and in the surrounding tooth structure bonded to the material. These stresses are capable of causing postoperative problems, such as discomfort, marginal degradation of the restoration, and recurrent caries [1] [2] [3] . Many researchers have investigated techniques to control contraction of the dimethacrylatebased resin composite during polymerization 2, 3) , but this has not yet been achieved. Thus, polymerization contraction remains a drawback of direct resin composite restoration.
To reduce the polymerization stress, incremental filling techniques have been recommended and performed clinically; however, some studies have reported that these techniques did not necessarily lower the stress 4, 5) . In addition, the incremental techniques incorporate voids between the increments and are time-consuming because of the repeated composite placement into prepared cavities. Consequently, bulk-fill resin composites, which are reported to have improved curing depth that allows for the use of 4-mmthick increments and polymerization contraction with reduced polymerization stress 6, 7) , have been developed and introduced.
Stress distributions in dental restorations have been evaluated in several ways, such as finite element analysis, photoelastic analysis and crack analysis.
Among the analyses, the crack analysis is applied to brittle materials. In general, when a polygonal indenter is pressed onto brittle material, cracks start to propagate from the corners of the indentation. The behavior of crack propagation is sensitive to the distributions of stresses in brittle solids 8) . Cracks grow through certain fields where tensile stresses are generated. By observing the crack behavior, indentation fracture methods have been applied to evaluate the residual stresses in solids 9, 10) . The evaluations consider the features of indentation cracks made after stress generation; that is, shorter and longer cracks are formed due to compressive and tensile stresses, respectively. Indentation fracture methods are suitable for evaluating the state of stress. Another crack analysis has also been introduced for stress evaluation, particularly to the measurement of the polymerization stresses of dental resin composites 11) . In this analysis, cracks are introduced in the solid before the stress generation, and the stresses are calculated from the length of the crack extension caused by polymerization contraction of the resin composites bonded to the solid 12) . This analysis is very sensitive to small changes in stress and can reveal the changes in stress on the same specimen. Using this analysis, Yamamoto et al. 13) recorded the increases in polymerization stress of lowshrinkage dental resin composites filled in soda-lime glass cavity up to 12 h after irradiation.
The stiffness of dental resin composites increases as the polymerization progresses. The elastic modulus, which is an indicator of stiffness, is one of the dominant factors determining the polymerization stress 2) , and significant relationships between the modulus and stress have been reported by numerous researchers [13] [14] [15] [16] . Some flowable and packable resin composites have reportedly Changes in polymerization stress and elastic modulus of bulk-fill resin composites for 24 hours after irradiation Fig. 1 Site of Vickers indentation and crack length measurements (c1 and c2). Distances between indentation center and hole edge (h) were 300 and 500 μm.
demonstrated increasing of the elastic modulus for longer than 12 h after irradiation due to post-irradiation polymerization 13, 17) . If bulk-fill resin composites exhibit similar behavior in stiffness, the polymerization stress may develop for several hours after irradiation.
The objective of this study was to monitor the changes in the polymerization stress and the elastic modulus of three dental resin composites, advertised as bulk-fill, for 24 h after irradiation. The hypothesis was that the use of bulk-fill resin composites reduces the polymerization stress.
MATERIALS AND METHODS

Mechanical properties of glass disks
Fifteen soda-lime glass disks with central holes (Yokohama Sekiei, Yokohama, Japan) were used in this study. The disks had an inner and outer diameter of 3.0 and 12.0 mm, respectively, and were 2.0 mm thick. The elastic modulus (E) and fracture toughness (K c) of the glass were 70 GPa and 0.63 MPa-m 0.5 , respectively 13) . The toughness was measured in a preliminary study by the indentation method (9.8-N load for 15 s) and using the following equation 10) :
where P is the indentation load, d is the diagonal length of the indentation, and c is the length from the indentation center to the end of the crack. Following the calculation of K c, the maximum crack length (cm) and maximum tensile stress (σm), for which the indentation crack undergoes a period of stable growth, were calculated using the following equations 18) :
where Y is a geometrical term equal to 1.12. The values of c m and σm were 124.5 µm and 15.0 MPa, respectively. Therefore, when stress exceeding 15 MPa is generated at the tip of a certain critical flaw in the glass, the flaw begins unstable growth that results in glass failure. The top surface of the disks was polished, and the roughness (Ra) was less than 0.08 μm. The disks were thermally treated at 510°C for 2 h and slowly cooled to release any residual stress 19) .
Polymerization stress
To introduce initial cracks, two Vickers indentations were imprinted on the polished surface of the glass disks with a load of 9.8 N for 15 s by a microhardness tester (MVK-E, Akashi, Tokyo, Japan). The two indentations were located opposite to each other and centered at distances (h) of 300 and 500 μm from the edge of the hole. Radial cracks were aligned parallel to the tangents of the edge of the hole (Fig. 1) . After indenting, the glass was placed in a desiccator for a day at room temperature to allow for slow crack growth 10) . The desiccator minimized the conditions of stress corrosion that could induce further crack growth. The lengths of the radial cracks were measured (c1 and c2 in Fig. 1 ) at 500× magnification by using a measuring microscope (STM-UM, Olympus Optical, Tokyo, Japan) at the accuracy of ±0.5 μm, and an average length (c) was obtained for each indentation. The indentations were protected with removable tape. A silane coupling agent (Porcelain Primer, lot no. 081220, Shofu, Kyoto, Japan) was applied to the inner surface of the hole for 10 s. Excess liquid was blotted with paper, and then the glass disks were thermally treated at 100°C for 5 min to ensure subsequent adhesion between the glass and the composite. The thermal treatment was confirmed not to elongate the radial cracks in the preliminary study.
The glass disk was fixed on a glass plate by using utility wax with a clear polyester matrix between the disk and plate. The hole was filled with a single increment of one of three flowable bulk-fill resin composites ( Table 1 ). The composites are urethanebased composites whose filler content ranged from 38 vol% (Venus) to 45 vol% (SDR). The ratio of the bonded surface area to the unbonded surface area, termed the configuration factor 20) , was approximately 1.3. The composite was covered with the clear polyester matrix and irradiated for 45 s at 540 mW/cm 2 by using a programmable quartz tungsten halogen light source (VIP, Bisco, Schaumburg, IL, USA). The tip of the guide of the light source was in contact with the matrix. The irradiance of the light source was measured with a radiometer (Cure Rite, Caulk, Milford, DE, USA) prior to each irradiation period. The total radiant exposure was 24.3 J/cm 2 . The removable tape was peeled from the surface immediately after irradiation. The indentations and the cracks were checked microscopically to ensure that they were not covered by the adhesive or the composite. The lengths of the cracks (c' 1 and c'2) were measured again at 2, 10, 30 min, 1, 3, 6, 12, and 24 h after irradiation, and the average length (c') and crack extension (c'-c) were calculated for each time interval. The length measurement per specimen was completed within 90 s. At every measurement, non-delamination was confirmed at the composite-glass interfaces at 8× magnification. The specimens were kept shaded in the desiccator at room temperature except during indenting, measuring of the crack length, and composite filling. The data of crack extension were statistically analyzed by the three-way ANOVA with material, distance from the hole edge, and time as independent variables (α=0.05, n=5).
After the measurement at 24 h, the top surface of the specimen was ground with #1000 SiC paper to remove any excess of the composite at the hole edge. To confirm that the bonded interface was intact during the measurement period, the ground surface was stained with permanent black ink, then evaluated at 50× magnification for any defects at the interface.
The crack lengths (c and c') were used to calculate the stress around the crack tip (σ crack) generated by polymerization of the composite in the following equation 12) :
Then, tensile stress at the composite-glass bonded interface (σ interface) was calculated from σcrack at each distance (h) by the following equation 21, 22) :
where R 0 and B are the radii of the hole and the glass disk, respectively. Two values of σinterface were obtained for each specimen. The average of the two values was taken as the stress value for the specimen. The data were statistically analyzed by the two-way ANOVA with material and time as independent variables and Tukey's multiple comparisons (α=0.05).
Elastic modulus
The resin composite was placed in a cylindrical hole (4.0 mm in diameter and 2 mm in depth) in a polytetrafluoroethylene mold fixed on a glass plate.
The composite was covered with a coverslip (0.15 mm in thickness) and irradiated as described in the stress measurement. The reduced elastic modulus (E r) at the surface was measured by a nano-indentation tester (ENT-1100a, Elionix, Tokyo, Japan) with an applied load of 19.8 mN for 20 s at room temperature. The measurements were repeated at 2, 10, 30 min, 1, 3, 6, 12, and 24 h after irradiation, corresponding to the time intervals in the stress measurement. A rate of 1 mN/s was set for loading and unloading. The elastic modulus of the composite (E s) was calculated by the following equation 23, 24) :
where E i is the modulus of the indenter (1,141 GPa), and vi and vs are the Poisson's ratios of the indenter (0.07) and the composite (0.31), respectively 23) . The data were statistically analyzed by two-way ANOVA with material and time as independent variables and Tukey's multiple comparisons (α=0.05, n=3). Regression analyses for the stresses as dependent variables and the moduli as independent variables were performed in each composite.
RESULTS
Crack extension
Means and standard deviations of the lengths of the initial crack (c) and of the crack extension (c'-c) are listed in Table 2 . Crack extension was observed in all of the specimens after irradiation. Interfacial debonding was not observed throughout the measurement period. One specimen of Filtek exhibited cohesive failure of the glass mold due to the stress at 24 h (Fig. 2) . The line of failure was observed running along the bonded interface at a distance less than h. The failed specimen was not excluded and the crack lengths were measured. The extensions ranged from 0.8 (0.3) μm at 2 min to 10.2 (2.2) μm at 24 h. Three-way ANOVA revealed that material and time significantly affected the extension at p<0.01. The distance (h) and the interactions among the factors were not statistically significant at p>0.518. 
Polymerization stress at bonded interface (σinterface)
Means and standard deviations of the tensile stress at the bonded interface (σ interface) are listed in Table 3 . In calculating the mean and the standard deviation of Filtek at 24 h, σ m (15.0 MPa) was adapted as σinterface of a specimen demonstrating cohesive glass failure. σinterface ranged from 0.8 (0.6) MPa at 2 min to 7.8 (4.0) MPa at 24 h. The two-way ANOVA revealed that material and time were significantly related to σ interface at p<0.01. These two factors did not significantly interact (p=0.536). Multiple comparisons were performed within each factor, accordingly. Pooled averages followed by the same alphabet letter were not statistically different at p>0.05. σ interface significantly increased after 6 h from irradiation. Filtek and Venus generated similar magnitudes of stresses, but were significantly higher than the stresses in SDR at p<0.01. The top dashed line is a regression curve of Revolution Formula 2 from a previous study 13) . Formula 2, Kerr, Orange, CA, USA) is also drawn in the graph, which was obtained by the same crack analysis used in our previous study 13) .
Elastic modulus
Means and standard deviations of the elastic modulus are listed in Table 4 . The moduli ranged from 1.4 (0.1) GPa at 2 min to 7.3 (0.8) GPa at 12 h. Two factors (material and time) significantly affected the modulus at p<0.01, and no interactions were revealed between the factors (p=0.152). Multiple comparisons were performed within each factor, accordingly. Pooled averages followed by the same alphabet letter were not statistically different at p>0.05. The modulus kept significant increasing for longer than 1 h after irradiation. Among the composites, the moduli were significantly different, and SDR exhibited the highest modulus at p<0.01. Figure 4 illustrates the results of the regression analyses. The three composites demonstrated strong correlations between the stress and the modulus with r>0.85. The best fits were the power correlations for Filtek (r=0.9453) and for Venus (r=0.9646) and the exponential correlation for SDR (r=0.8576).
DISCUSSION
Crack extension
Crack extension was demonstrated in all of the composites without interfacial debonding. When the polymerization stress exceeds the bond strength between the composite and the glass, an interfacial gap is formed, and the transfer of stress terminates just as gap formation begins 25) . In the present study, the force of polymerization contraction of the composites was transferred into the glass mold without reduction of stress at the interface, accordingly. The stress increased in the glass as polymerization of the composites progressed 13) , and the stress at the crack tip induced crack extension, whose length corresponded to the magnitude of the stress. That is, the minimum detection limit of the crack analysis is the tensile stresses, which raise the stress intensity factor higher than the stress intensity factor threshold of the mold 26) . Contrarily, the maximum detection limit of the analysis is σm of the mold. In the preliminary study, a bulk-fill paste composite whose filler content is greater than those in the present study was also used for the evaluation. All specimens of the paste composite were unstably failed within 6 h after irradiation due to the stress greater than the σm, that is the composite is unsuitable for the 24-h monitoring. Thus, the bulk-fill composites generating smaller stresses were selected in this study to achieve the objective. One Filtek specimen demonstrated cohesive failure of the glass at 24 h (Fig. 2) . The line of failure propagated around the composite and more closely to the composite than the indentation without any connections to the radial cracks of the indentation. The round propagation indicates the generation of tensile hoop stresses in the glass. The failure means that the polymerization stress surpassed σ m of the glass (15.0 MPa) at a certain site where the failure initiated. It is appropriate to infer that the initiation sites were the flaws in the surface of the glass hole for the following reasons: (1) the stress intensity factor of the surface flaw was greater than that of the internal flaw 27) , and (2) the maximum stress was generated at the interface [eq. (5)]. Accordingly, σ m was adapted for σinterface of the failed specimen of Filtek at 24 h.
Distance (h) did not affect the crack extension. This result disagreed with a previous report on changes in the stresses over 24 h 13) . According to eq. (5), the tensile stress in the glass exponentially decreases as the distance (h) increases, and the extent of the decrease is smaller for smaller values of σ interface. To visualize the extent of the decrease, two examples of stress changes are plotted as a function of the distance in Fig. 5 . Two values of σ interface were substituted into eq. (5) to obtain the plots: SDR at 24 h (5.5 MPa) and Revolution Formula 2 at 24 h (12.9 MPa) 13) . The inclinations of the two plots differ more clearly at shorter distances. The three composites in this study generated σ interface values of half or less than the composites in the previous report. Therefore, distance did not play a significant role in the crack extension.
Polymerization stress and elastic modulus
Material was significantly related to both stress and elastic modulus. Regarding the pooled averages of σ interface for the three composites (Table 3) , SDR generated the smallest stress, which was consistent with several studies 7, [28] [29] [30] . On the other hand, SDR was the stiffest composite, followed by Filtek and then Venus ( Table  4 ). The order of the elastic modulus could be speculated from the filler contents of the composites listed in Table  1 , because filler content is directly correlated with the elastic modulus of the composite 31) . Some papers have also reported that SDR was stiffer than Filtek and Venus 30, 32) . The elastic modulus is significantly related to polymerization stress, as mentioned in the INTRODUCTION, and the results of Filtek and Venus seem to agree. However, the results for SDR did not. Correlation coefficients of the regression analyses reflected the relationships in each composite (Fig. 4) . The coefficient of SDR was slightly lower than those of the other composites in this study and those in our previous study (r>0.97) 13) . Some factors other than the elastic modulus must also have been influential on the stress determination of SDR. It has been found that SDR includes a novel monomer acting as a stress reliever 29) ; and that SDR has a delayed point of gelation and a slow rate of polymerization in comparison with conventional dimethacrylate-based resin composites 29, 33) . The delay makes the pre-gelation phase longer, during which the composite can flow easily, and this results in smaller stress generation. The slow polymerization also lowers the stress by providing time for the flow during polymerization 2) . Although Filtek has a more delayed gel point than SDR 26) , the generated stress was greater than the stress of SDR. Thus, the rate of polymerization is considered to be more influential than the delayed gel point on the stress generation. Polymerization contraction is another factor affecting the stress 2, 11) . Filtek and SDR reportedly demonstrated similar degree of the contraction 7) , however, the composites generated significantly different stresses in this study. The polymerization contraction might have weaker relations with the magnitude of stress than the rate of polymerization.
Time was significantly related to the stress and the modulus. For every measurement, the pooled averages of σ interface were apparently smaller than the regression curve of Revolution Formula 2, which has been reported to generate relatively low stress (Fig. 3) 22,34) . The hypothesis was accepted, accordingly. No significant difference was seen between σ interface at 12 and 24 h, and this result indicated that the polymerization stress kept developing for longer than 6 h after irradiation. The three composites exhibited logarithmic stress increases, which is a result consistent with that in many previous studies. Kalliecharan et al. 29) monitored the stress changes of five composites, including Filtek and SDR, for 12 h and revealed that rapid stress developments were found within 1 h after irradiation in all the composites. Figure 3 shows a similar phenomenon: the stress rapidly increased within 1 h and then became slower. By 1 h, The elastic moduli at 3, 6, 12 and 24 h were not significantly different, and this result indicated that the modulus increased for longer than 1 h. The increase was induced by post-irradiation polymerization. Pilo and Cardash 35) investigated post-irradiation polymerization by measuring the microhardness of resin composites. The microhardness reflects the stiffness of the materials, and five of the six composites demonstrated rapid increases in the hardness within 1 h after irradiation. The present study revealed consistent results with that investigation. All of the composites developed a major part of their stiffness within 1 h; the elastic moduli of Filtek, SDR and Venus at 1 h reached 89, 88 and 75% of their moduli at 24 h, respectively. The increases in elastic modulus from 1 to 24 h ranged from 12 to 33%, which was less than the increases of stress that ranged from 129 to 224% over the same time period. In our previous study 13) , we reported a similar discrepancy between the percentages of increases in the modulus and in the stress with other resin composites. Kalliecharan et al. 29) noted that increases of the elastic modulus plays an important role for development of the stress within 6 h after irradiation. Post-irradiation polymerization improving the stiffness of the bulkfill resin composites was considered to be a major determinant for the development of polymerization stress during the first 1 h.
Clinical consideration
Because the elastic modulus improves significantly for 1 h after irradiation, clinicians should advise patients not to apply an occlusal load to the composite restoration until the modulus becomes stable; this time would be 1 h for bulk-fill composites.
In a clinical setting, the adhesive is applied between the restorative composite and the tooth. The adhesives are generally less stiff than both the restorative composite and the tooth, so the adhesives absorb the polymerization stress by their strain 36) . Saito et al. 37) evaluated the absorbing effect of self-etch adhesives at 10 min after irradiation by using the crack analysis. The effect was not revealed for a composite generating low stress. In fact, the stress tended to increase when the low-stress composite was filled with the adhesives, probably due to post-irradiation polymerization of the adhesives. In the present study, the average of the stresses at 10 min was 1.4 MPa (Table 3) , which was less than half of the stress in the study of Saito et al. (3.1 MPa) . Therefore, the absorbing effect could not be clinically acquired with the bulk-fill composites. Hygroscopic expansion of composites is another factor reducing the stress. The expansion reportedly compensates the polymerization stress during water storage 38, 39) . Composite restorations begin water-uptake immediately after the end of the restorative procedure. Thus, the rate of stress development and the net stress are considered to be smaller than those in the present study when the bulk-fill composites are used clinically.
CONCLUSIONS
Bulk-fill resin composites continued to increase the polymerization stress and the elastic modulus for longer than 6 and 1 h after irradiation, respectively. The stresses of bulk-fill composites were smaller than that of a flowable resin composite, which was reported to generate relatively low stresses.
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